Abstract. We have investigated the optical properties (optical absorption, photoluminescence emission and excitation spectra, and luminescence kinetics) of a series of Eu-doped 
Introduction
Borate crystals and glasses, both undoped and doped with rare-earth and transition elements, are very promising materials for nonlinear optics and quantum electronics [1] [2] [3] [4] [5] [6] , scintillators, thermoluminescent dosimeters [7] [8] [9] [10] [11] , gamma and neutron detectors [12] [13] [14] , and many other applications. This especially applies to single crystals of lithium tetraborate (Li 2 B 4 O 7 ) characterized by extremely high radiation stability [15, 16] , good thermoluminescent properties [9] [10] [11] and high transparency in the wide interval beginning from vacuum ultraviolet (UV) to middle infrared (IR) ranges [17] .
The rare-earth ions such as Ce , etc. reveal high luminescence efficiencies in various host materials and the emission in a broad enough spectral range. They are widely used as activator centres in different laser, luminescent and scintillate materials [18, 19] , including Eu-doped borate crystals and glasses such as Li 2 B 4 O 7 [13, 14, [20] [21] [22] [23] , SrB 4 O 7 [24, 25] and some others [26, 27] . One can also notice that crystalline and glassy (or vitreous) oxide compounds are efficient luminescent materials for the 'orange-red' and 'violetblue' spectral regions, when being activated with Eu 3+ and Eu 2+ ions, respectively.
On the other hand, the electron and local structures of impurity-associated paramagnetic and luminescence centres in crystals, glasses and other disordered compounds represent an interesting problem of the solid state physics and the spectroscopy of functional materials. The electron paramagnetic resonance (EPR) and the optical spectroscopy allow for investigating the electron and local structures of the paramagnetic and luminescence centres in single crystals and disordered solids, including glasses. To interpret the EPR and the optical spectra, and derive the electron and local structures of the luminescence and paramagnetic centres from the experimental spectra of glasses, one needs the structural and spectroscopic data of their crystalline analogues. The borate compounds represent suitable host materials for investigating the nature and the structure of the luminescence and paramagnetic centres, because virtually all of the borates (Li 2 (or vitreous) phases. Furthermore, the glassy borate compounds are more promising when compared with their crystalline analogues from the technological point of view, since the growth of borate single crystals is a difficult, long-term and so very expensive process. Besides, a very low velocity of the crystal growth and a high viscosity of the melt impose the problems of doping the borate crystals with the rare-earth and transition elements. On the other hand, these problems are completely absent for the case of glassy borate compounds.
Up to now the optical and luminescent properties of crystalline and glassy Eu-doped borate compounds with different chemical compositions have been extensively investigated in a number of works [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] . Let us remind of the main results. Ref. [14] has reported a synthesis, optical and luminescence properties, and some scintillation characteristics associated with detecting neutrons (E n ≤ 10 MeV) and 60 Co γ-radiation for the case of undoped and Eu-, Cu-, Ce-, Sm-, Tb-, Tm-and ) compounds, which represent phosphors promising for the white-light LED, have been investigated in Ref. [26] .
The main features of the synthesis and the luminescence properties of SrB 4 O 7 :Eu, Tb phosphors have been reported in the work [25] . If compared with the Eu 3+ emission, the relative intensity of the Eu 2+ emission increases when Tb 3+ ions are incorporated in the SrB 4 O 7 :Eu compound [25] . The undoped and Eu-doped zinc borate glasses of different compositions prepared using a melt-quenching technique in the air atmosphere have been studied in Ref. [27] . In the Eu-doped zinc borate glasses, increasing Eu impurity concentration leads to gradual disappearance of the broad-band emission in the near-UV spectral region, while the 'red' Eu 3+ emission increases considerably [27] . According to the data [28] Using the data available in the literature, we have concluded that the spectroscopic properties of the Eu-doped borate glasses are not studied in a sufficient detail. In particular, the features of the electron and local structures of the luminescent Eu centres in the network of borate glasses with different compositions seem to be not satisfactorily investigated. Therefore, the main aim of this work is to study the spectroscopic properties of Eu-doped borate glasses with different compositions and Eu concentrations, and to determine the electron and local structures of Eu centres in those glasses using the EPR and the optical spectroscopy methods. oxide of a chemical purity (99.99%). The relevant amounts were 0.5 and 1.0 mol. %. The solid-state synthesis of the polycrystalline borate compounds was carried out using multi-step heating reactions [32] . For the cases of Li 2 B 4 O 7 , CaB 4 O 7 and LiCaBO 3 these may be described by the following chemical equations: [32] . Two types of crucibles, graphite (C) and corundum ceramic (Al 2 O 3 ) ones, were used for obtaining the borate glasses. The optical quality of the glasses thus obtained was practically independent of the type of crucibles. The glass samples for the spectroscopic investigations were cut to the approximate sizes of 542 mm 3 and then polished.
Experimental details
H 3 BO 3 = -НВО 2 + H 2 O (170 o C),(1)2-НВО 2 = B 2 O 3 + H 2 O (250 o C),(2)Li 2 CO 3 + 2B 2 O 3 = Li 2 B 4 O 7 + CO 2  (800 o C),(3)CaCO 3 + 2B 2 O 3 = CaB 4 O 7 + CO 2  (800 o C),(4)
Experimental equipment and characterization of samples
The paramagnetic impurities in our glasses Li 2 B 4 O 7 :Eu, CaB 4 O 7 :Eu and LiCaBO 3 :Eu were detected with the EPR technique, using modernized commercial X-band radiospectrometers SE/X-2013 and SE/X-2544 (RADIOPAN, Poznań, Poland). They operated in a high-frequency (100 kHz) modulation mode for the magnetic field at the room temperature (RT). The working microwave frequency of the radiospectrometers was measured using a Hewlett Packard (model 5350 B) frequency counter and a DPPH g-marker (g = 2.0036  0.0001).
The optical absorption spectra of the Li 2 B 4 O 7 :Eu, CaB 4 O 7 :Eu and LiCaBO 3 :Eu glasses were recorded with a Varian (model 5E UV-VIS-NIR) and SHIMADZU (model 2450 UV-VIS) spectrophotometers. The luminescence (both the excitation and emission) spectra and the luminescence kinetics of our glasses were detected in the UV and visible spectral ranges at the RT, using a HORIBA spectrofluorimeter (model FluoroMax-4).
It is known that the undoped tetraborate glass Li 2 B 4 O 7 is characterized by high transparency in the spectral region 2812760 nm [14] . According to Ref. [33] , the undoped Li 2 B 4 O 7 glass is transparent at 3002500 nm, whereas the nominally pure Li 2 B 4 O 7 single crystal at 1673200 nm. The Li 2 B 4 O 7 :Eu, CaB 4 O 7 :Eu and LiCaBO 3 :Eu glasses are almost not coloured and are characterized by a high optical quality. The nominal Eu-dopant concentrations have not been proved analytically, though our previous studies [34, 35] have shown that the coefficient of incorporation of the rare-earth impurities into the borate glass network is close to unity. The characteristic optical spectra (the absorption, luminescence excitation and the emission) and the luminescence kinetics for the Li 2 B 4 O 7 :Eu, CaB 4 O 7 :Eu and LiCaBO 3 :Eu glasses will be discussed in Section 3.1.
Notice that EPR signals with g eff  4.3 and g eff  2.0 are detected for all of our Li 2 B 4 O 7 :Eu, CaB 4 O 7 :Eu and LiCaBO 3 :Eu glasses. The integral intensity of the EPR signal with g eff  4.3 observed in the Eu-doped glasses is notably (approximately 1020 times) larger than that of the signal with g eff  2.0. According to Refs. [36, 37] -Fe 3+ centres coupled through a magnetic dipolar interaction [36] . The uncontrolled Fe 3+ impurity ions are characterized by very weak spin-forbidden absorption transitions in the UV and 'blue' spectral regions. Therefore they do not manifest themselves in the optical absorption and the luminescence excitation spectra of the glasses under test.
Results and discussion

Optical spectra and luminescence kinetics of the Eu-doped borate glasses
The preliminary results of our spectroscopic studies for the Eu-doped lithium tetraborate glasses were reported in brief in Ref. [34] . The EPR and the optical spectra of the CaB 4 O 7 :Eu and ) state. In the 3502250 nm region and at the RT, the optical absorption spectra of our Eu-doped glasses consist of an intense broad absorption band and several weak absorption bands. The optical absorption spectrum typical of the centres in our borate glasses will be discussed in Section 3.2. In accordance with the data [39, 40] , weakly resolved absorption bands observed for our glasses should be assigned to the absorption transitions 7 Fig. 1 ). Some of the absorption bands are only weakly revealed in the optical absorption spectra (see Fig. 1 ), but all of these bands are clearly observed in the luminescence excitation spectra presented in Fig. 2 . The emission spectra measured under the same experimental conditions (T = 300 K and λ exc = 393 nm) exhibit five characteristic emission bands of the Eu 3+ ions in the region of 570710 nm (see Fig. 3 ). In accordance with the energy level diagram for Eu 3+ and the data [39, 40] , the emission bands correspond to the 5 D 0 → 7 F J (J = 04) f-f transitions of Eu 3+ ions, which are indicated in Fig. 3 . When a rare-earth ion occupies a site with the inversion symmetry, the selection rules have the well-known form: ∆J = 0, ±1 [18] . In the cases when ∆J = 0, any transitions to the state with J = 0 are forbidden, too. All of these transitions are magnetic dipole ones. In the lattice with no inversion symmetry there can appear electric dipole transitions. The selection rules for these transitions are as follows: ∆J = 0, ±2, ±4, or ±6 [41] . Furthermore, the electric dipole transitions are forbidden for the ground and excited states characterized with J = 0.
In other words, the relative intensities of the luminescence bands due to the electric and magnetic dipole transitions of Eu 3+ change depending on the crystal symmetry of the host materials [41] . The 5 D 0 → 7 F J transitions of Eu 3+ ions are ideally suitable when determining the symmetry of the lattice sites [42] . Namely, the electric dipole transitions among the 4f levels are strictly forbidden for the positions having the inversion symmetry. If the inversion symmetry is broken, there appear the electric dipole transitions. They will dominate in the spectrum even if the symmetry deviates only slightly from the inversion one [42] .
In the emission spectra studied in this work (see Fig. 3 ), the main emission band peaked nearby 611 nm is assigned to the 5 'asymmetry' is favourable while improving colour purity of the red phosphors [18] . Considering a dominance of the 'red' emission, extremely high radiation stability [15, 16] and high transparency of Eu-doped borate glasses in the wide spectral range, one can argue that these glasses represent a promising 'red' luminescent material. 
which are caused by relatively high concentrations of Eu 3+ in the glass network.
The luminescence excitation spectra of the Eu ions. The Eu 3+ luminescence excitation bands reveal sufficient correlation with the corresponding optical absorption bands (cf. Fig. 1 and Fig. 2 ). Rather weak resolution of some bands in the Eu 3+ luminescence excitation spectra is related to inhomogeneous broadening caused by structural disordering of the glass host, which leads to slightly different local surroundings and crystal field parameters for different Eu 3+ centres available in the glass network. As a result, some weakly resolved Eu 3+ bands are assigned to the groups of optical transitions (see Fig. 2 ). It should be noted that the excitation bands from a higher 7 F 1 level are also present in the excitation spectra. They are caused by a smallness of energy distance between the 7 F 0 and 7 F 1 levels that increases the probability of thermal excitation at the RT.
The intensity of the charge-transfer band peaked near 260 nm is very weak for Li 2 B 4 O 7 :Eu and LiCaBO 3 :Eu and slightly higher for CaB 4 O 7 :Eu (see Fig. 2 ). Comparing the relative intensities of the charge-transfer band and the f-f bands of Eu 3+ ions in the glasses under study, we note that the intensity of the f-f bands is higher. This is opposite to that occurring in the lithium borate crystals where, according to Ref. [23] , the intensity of the charge-transfer band is stronger than that of the f-f bands. Thus, the emission and luminescence excitation spectra also testify that the europium impurity is incorporated in the Li 2 ions. This agrees well with the data known for the Eu-doped lithium tetraborate crystal [22] , the lithium tetraborate glass [31] , the lithium borate glasses [20, 23, 43] and the other borate glasses [24, 44, 45] . However, the above result does not correlate with the findings for the Eu-doped Li 2 B 4 O 7 [31] and SrB 4 O 7 [29] crystals, the lithium borate glasses [21] and some other borate glasses [28, 30] . Those works have testified the additional presence of the luminescence centres Eu 
Local structure of luminescence Eu 3+ centres in the borate glasses
Using direct EXAFS (Extended X-ray Absorption Fine Structure) studies of the L 3 edge of the rare-earth impurity ions, the authors of Ref. [49] have shown that the local structures (the first coordination shells) of the rare-earth ions are closely similar in the oxide crystals and glasses with the same chemical composition. In particular, this is valid for the crystal and glass Ca 3 Ga 2 Ge 3 O 12 (or 3CaO-Ga 2 O 3 -3GeO 2 ). As a consequence, the local structures of the impurity luminescence centres Eu 3+ in the network of our borate glasses will be considered basing on the analysis of structural data for the [32] .
The local structure of the cationic sites has not yet been studied for the CaB 4 O 7 glass. For characterization of this compound, one can use the structural data [32, 50] for the isomorphic SrB 4 O 7 glasses. According to the structural data available for those glasses [32, 50] and the crystals with the same composition [52] , the structure of the CaB 4 O 7 glasses may be supposed to consist of BO 4 tetrahedra, with the average B-O distance equal to about 0.140 nm. Two types of BO 4 tetrahedra with similar B-O distances, which are characteristic for the crystal lattice of SrB 4 O 7 [52] , have not been resolved in the intensity curve and the pair correlation function for the SrB 4 O 7 glass [32] . The Sr-O distances in the SrB 4 O 7 crystal are in the region of 0.273÷0.339 nm [52] . The coordination number to oxygen for Sr atoms depends on the Sr-O distances and equals to four when the radius of the first coordination shell is less than 0.290 nm [52] . According to Refs. [32, 52] , Sr(Ca) atoms should be stabilized in the SrB 4 O 7 (CaB 4 O 7 ) glass network at the sites with the coordination number N = 4 to oxygen, where the average distance Sr-O (Ca-O) is equal to about 0.262 nm [32] .
In the LiCaBO 3 glass network the boron atoms form triangular BO 3 units with the average interatomic distance B-O of 0.149 nm [32, 50] . Ca atoms are located at the sites with the coordination number N = 6÷7, with the average Ca-O distance being equal to 0.258 nm [32] . Li atoms are located at the sites with the coordination number N = 4÷5 (the average Li-O distance should be less than 0.258 nm) [32] . The average distances B-O and Ca-O obtained for the LiCaBO 3 glass [32] correlate well with the corresponding parameters known for its crystalline analogue [53] .
Basing on the structural data for the O 2 and the coordination numbers to oxygen) in the first coordination shell leading to so-called 'positional disorder'. This manifests itself in inhomogeneous broadening of the spectral lines. Additionally, the glass network is characterized by a permanent disturbance of the short-range order, which destroys any middle-and long-range orders. This glassy-like disordering of the second (cationic) coordination sphere around the luminescence centres leads to additional inhomogeneous broadening of the spectral lines. As a result, the optical spectra of the Eu 3+ centres in the borate glasses are characterized by stronger inhomogeneous broadening, when compared to their crystalline analogues. [35] .
Namely, the latter centres also show a decrease in the lifetimes with decreasing distances d RE-O in the glasses.
Conclusions
The 
